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Abstract Partial Discharge (PD) measurements are
considered as the early detection of insulation degradation in
power system equipment. In switchgear and power cables,
multiple PD faults may exist, which make the detection and
location of such incipient faults challenging. This paper deals
with identification of multiple PD faults by a hybrid detection
technique, by combining conventional and unconventional
measurement methods.
Unconventional PD measurements rely on detection of
physical emissions due to such faults, e.g. detection of radio
frequency (RF) electromagnetic (EM) fields in the vicinity of PD
activity, ultrasonic waves, optical emissions and heat produced
by the PD, whereas the conventional measurement methods are
based on detection of high frequency current and voltage,
superimposed on the power frequency current and voltage.
In this paper, the apparent charge of PD events is calculated
by using conventional measurement technique and EM signal
energy is calculated based on unconventional method. The high
frequency electric field was measured using a D-dot sensor. The
comparison between the two parameters show that a second
degree polynomial relation exists between the EM energy and
apparent charge. The scatter plots between the two variables
show a number of patterns due to the number of PD faults.
Therefore, the detection of multiple faults is possible.
Index Terms Partial discharge, condition monitoring,
switchgear, non-intrusive sensors and pattern classification.
I.  INTRODUCTION
Switchgear and cables are the integral components of an
operational power system network. The critical parts in these
equipment are electrical insulations which limit the abnormal
flow of current to the ground or between lines, also called as
leakage current. Partial discharge (PD) faults arise due to the
manufacturing defects in such insulations, ageing or electrical
and mechanical stresses. The most prominent electrical stress
is overvoltage [1]-[5]. PD measurements are considered as
one of the most reliable source of information which provide
an early alarming signs for the remaining life of insulations
and hence the power equipment.  an integral part of the
distribution network. However, the detection of multiple PD
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faults, their classification and location is still a tricky task,
due to the widely probabilistic behavior of PD events. There
are various PD detection techniques available commercially
as well as in literatures. The most widely, they are classified
into conventional and unconventional techniques. The
conventional PD measurement techniques rely on the
detection of high frequency current and voltage measurement
using high frequency transducers such as Rogowski coil, high
frequency current transformer, coupling capacitors, hall effect
sensors etc. These sensors need to be installed in contact with
the high voltage insulations which make their designs and
implementation expensive and complicated. Unlike such
techniques, there are unconventional methods of PD
measurement which are based on measurement of physical
emissions arising as a result of a PD activity. Such physical
emissions include high frequency/ radio frequency electric
and magnetic fields, ultrasonic waves, thermal emissions,
optical/ ultraviolet (UV) emissions and chemical byproducts
found in the vicinity of a PD event [6]-[8].
This paper deals with the detection of multiple PD events
based on the measurement of a PD fault by using both the
conventional and unconventional measurement technique.
The conventional measurement technique adopted in this
work uses coupling capacitor, whereas the high frequency
electric field sensors is used for the measurement of high
frequency E-fields, as an unconventional measurement tool.
PD apparent charge is a measure to estimate the extent of a
discharge. This parameter is calculated using the
conventional measurement technique by integrating the area
under the PD current pulse. The cumulative radio frequency
energy is another parameter to quantify the PD activity and is
calculated from the PD signal measured using the
unconventional sensors, such as D-dot sensor [9]-[11]. The
correlation between these two parameters provide a very
useful information about the nature of a fault and hence
indicate the presence of multiple faults with different location
and different nature. This is the major contribution of the
paper, to estimate the extent of discharge and the detection of
multiple faults in a certain equipment.
The rest of the paper is organized as follows. Section II
describes the experimental procedures and test setup for the
conventional and unconventional measurements. The section
III presents useful results and discussion, whereas the last
section concludes the paper.
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II.  MEASUREMENT SETUP
The measurement setup used in the high voltage laboratory
to carry out investigation about the PD events is given in the
Figure 1, which is an energized medium voltage (20 kV)
commercial switchgear. The three phase circuit breaker in the
switchgear was put in the closed position and the outgoing
terminals of the circuit breaker were used to connect various
defective insulations. Only one phase of the line was
energized and used for the study, mainly due to the limitation
of the available power supply in the laboratory. The metallic
body of the panel was grounded at one point. Visuals of
physical components are given in Fig. 2. Three types of PD
faults were created in the switchgear outgoing connection
compartment including single corona due to a sharp edge, PD
in voids, surface discharge and corona due to base conductors.
These PD sources are given in Fig. 3.
The conventional measurement was done using a coupling
capacitor with the main incoming line along with a coupling
device, whereas unconventional measurement was done using
D-dot sensor. An HFCT was used to verify the performance of
the D-dot sensor. The D-dot sensor was fixed inside the
switchgear compartment whereas the clamp-on HFCT was
installed around the ground connection of the switchgear. The





























Fig. 1. Test setup for PD measurement (both conventional and
unconventional)
Fig. 2. (left) - Switchgear panel, (right)  Supply and auxiliary test
equipment
Fig. 3. PD sources: (a) Corona at needle, (b)  PD in void, (c) Surface PD, (d)
 Corona around bare conductors.
The D-dot sensor is an electric field sensor, which is made
by installing an SMA connector of male type onto a grounded
plane. D-dot probes measure the time derivative of the
electric flux density at the surface of the conductor [15]. The
electric flux density D is related to the electric field intensity
E by the expression D = 0E, where 0 is the permittivity of
free space [9], [10]. The sensor is physically shown in Fig. 4.
Fig. 4. D-dot sensor mounted on a grounded plane.
III.  RESULTS AND DISCUSSION
A.  Calculation of Apparent Charge and Cumulative Energy
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The measured signals by using conventional and
unconventional techniques are given in the Fig. 5. The
conventional measurement setup provides are damped PD
pulse as shown by the dotted (green) plot, whereas the
unconventionally measured signal using D-dot sensor is an
oscillatory pulse. The oscillations arise due to the RLC nature
of the sensors  parameters.
The apparent charge is determined by calibrating the whole
setup for a known PD signal and then calculating the area
under the curve of the damped pulse.















D-dot Sensor Signal (De-noised)
Conventional Measurement (Pulse Transformer Signal)
Fig. 5. Conventional and unconventional measured signals
The total cumulative energy (WTot) of the high frequency








where  is the sample duration, R is input resistance of
oscilloscope, Vi is the sample voltage and N is the number of
samples.
B.  Calibration of the Measurement Setup
The system was calibrated as per the guidelines provided
by IEC standard: IEC60270. A known amount of charge is
injected as a current pulse into the system and the measured
output pulse (PD pulse) is compared with this charge. Since
the capacitance of the test object will affect the shape and
amplitude of the measured pulse, hence it is always
recommended to calibrate the test setup before carrying out
measurements with different equipment. Once the calibration
is done and the test setup is unchanged, the calibration
doesn t need to be repeated. [14]
Both the measurements, i.e. PD current pulses and the
high frequency electric field signals are done simultaneously.
The measured signals are recorded by a high frequency
oscilloscope with sampling rate of 2.5 GS/s at a time window
of 5 µs to ensure the measurement of PD pulses more
precisely without loss of information. The applied voltage was
varied using a regulating single phase power supply between
3 kV to 20 kV in order to capture numerous PD signals with
different extent of discharges. Hundreds of signals similar to
Fig. 5 were recorded for the 4 types of PD faults described in
Fig. 3.
The apparent charge is calculated by integrating the PD
pulses measured by conventional setup, and then multiplying
with an appropriate calibration factor as described above. The
cumulative energy was calculated using equation (1).
C.  Correlation between Apparent Charge and Cumulative
Energy
The correlation between apparent charge of conventional
measurement and the cumulative energy of unconventional






Fig.6. Cumulative energy vs. apparent charge: (a) Corona at needle, (b)  PD in
void, (c) Surface PD, (d) Corona around bare conductors
A distinct parabolic behaviour exists when the apparent
charge is correlated with cumulative energy by taking
apparent charge along the horizontal axis and cumulative
energy along the vertical axis. It is clear from Fig. 6 (a-c), by
using curve fitting command, the relationship between the
apparent charge and the cumulative energy is a second order
polynomial. However, the exact relationship varies from one
type of fault to another and this is the key to identify and
detect multiple faults in a switchgear or in power cables. The
position of clusters define the extent of discharge as well. The
clusters near the horizontal axis or near the vertical axis are
weak PDs, but when the clusters are located away from the
origin as well as away from either axis, the extent of
discharge increases. In Fig. 6(d), three clusters can be seen,
which is because of the fact that three conductors were used
in PD source (d). Three bare conductors of 1 mm diameter
were connected to one of the outgoing terminals. The corona
around each of these conductors has different severity and
extent, which resulted in three clusters.
When all the plots are combined together, a collective
scatter plot shown in Fig. 7 is resulted, which further testifies
the above statement, i.e. the location of the scatter patterns
are based on the type/ nature of fault as well as their location
on the power system network.
Fig. 7. Combined scatters given in Fig. 6
IV.  CONCLUSIONS
The PD measurements are considered as a reliable source
of information about the health of electrical insulations used
in power system equipment including power cables,
transformers and switchgear panels. The detection of multiple
PD events in such equipment is a challenging task.
Furthermore the exact location of such faults gets more
trickier. The paper mainly presents the correlation between
the apparent charge calculated from the conventional
measurement method described by IEC standard (IEC60270)
and electromagnetic energy of a signal measured by
unconventional method. This correlation provides a useful
information about the number of faults existing in an
equipment as well as the extent of discharge. If the scatter
plots are near the origin or near any axis, they are weak
discharges, whereas if they are away from them, their severity
is higher. More and more confidence is being developed on
the unconventional PD measurement techniques. This idea
further endorses the applicability of the unconventional
techniques for the measurement of PD faults, as an early sign
of degradation of insulation materials.
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